The detection and analysis of nucleic acids extracted from microbial communities are the ultimate ways to determine the diversity and functional capability of microbial communities in the environments. However, it remains a challenge to use molecular techniques for unequivocal determination and quantification of microbial species composition and functional activities. Considerable efforts have been made to enhance the capability of molecular techniques. Here an update of the recent developments in molecular techniques for environmental microbiology is provided.
Introduction
The advent of molecular techniques (so-called cultivationindependent techniques) has been one of the most important developments of environmental microbiology since the 1980s (Keller & Zengler, 2004) . Molecular techniques have allowed the discovery of some totally new perspectives about microbial diversity, distribution, function and adaptation that would otherwise have been undermined by the biases and insensitivity of cultivation methods. A wide variety of molecular techniques have become available, ranging from the conventional PCR-based fingerprinting and in situ detection of target nucleic acids to the emerging microarray and microfluidic platforms (Weibel et al., 2007) as well as different 'omics' techniques (Valenzuela et al., 2006; Mashego et al., 2007) . These techniques altogether offer different levels of sensitivity, resolution and throughput suitable for different investigation objectives.
This review is to provide a quick update of the latest developments in both conventional and emerging molecular techniques that serve to (1) detect rRNA genes/molecules for the determination of microbial diversity, (2) detect functional genes and their transcripts and (3) link functional genes/gene transcripts to specific microbial populations.
Microbial diversity
The analysis of rRNA gene sequences is the most common approach to determine microbial diversity. Conventionally, the electrophoresis of PCR-amplified rRNA genes (i.e. DNA fingerprinting) allows the comparisons of microbial diversity in different samples and provides important basis for downstream analysis and further hypothesis testing. However, fingerprinting techniques generally lack the sensitivity to depict microbial diversity at high resolution. The emerging microarray techniques, which allow simultaneous detection of thousands of target DNA, are important breakthrough for both throughput and sensitivity (e.g. Brodie et al., 2006) .
Analysis of rRNA genes in environmental samples, whether using emerging or conventional methods, requires PCR amplification of the target gene segments from the total gene pool. However, PCR-associated biases can add ambiguities to data (e.g. Hugenholtz & Huber, 2003) and thus preclude quantitative data interpretation. The direct detection of rRNA molecules without amplification is a desirable alternative so as to circumvent PCR biases. Because rRNA molecules are transcribed only in metabolically active cells and are rapidly degraded upon the cessation of metabolism, the direct analysis of rRNA molecules can reveal the diversity and, to certain extent, the quantity of metabolically active organisms.
Several techniques have been recently developed for quantitative detection of target rRNA molecules using the sequence-specific cleaving activity of catalytic DNA (Suenaga et al., 2005) and for fingerprinting of native rRNA molecules using a modification of single-stranded conformational polymorphism (SSCP) analysis (MacGregor & Amann, 2006) . Additionally, a method has become available for multiplex sequence-specific quantification of PCRamplified rRNA genes using single-base extension of hierarchical primers followed by the detection and quantification of extension products in an autosequencer (Wu & Liu, 2007) . Although developed for the detection of PCR amplicons per se, this method can be modified for quantitative detection of rRNA molecules (J. H. Wu et al., unpublished data) .
Sequence-specific quantification of rRNAs DNA molecules of particular sequences and tertiary structures are capable of cleaving nucleic acids in a sequencespecific manner (Santoro & Joyce, 1997) . Such catalytic DNA or so-called DNAzymes are short single-stranded DNA molecules comprising two variable substrate-binding domains of identical length (10-20 bases long each) flanking a conversed catalytic domain (15 bases long). The two substrate-binding domains can hybridize to a specific recognition site on target RNA molecules through WatsonCrick base pairing. A purine residue at the center of the recognition site between the two binding domains is left unpaired due to the catalytic domain substituting the corresponding pyrimidine residue on the DNAzyme. The cleaving of RNA occurs at the phosphodiester bond located between the unpaired purine and an adjacent paired pyrimidine residue.
The sequence-specific RNA cleaving activity of DNAzyme allows a rapid determination of the ratio of target small subunit (SSU) rRNA to total SSU rRNA, or target large subunit (LSU) rRNA to total LSU rRNA (Suenaga et al., 2005) . DNAzyme added to a purified total RNA sample in the presence of Mg 21 cleaves each target rRNA molecule into two fragments of known sizes, leaving all nontarget molecules intact. In order to determine the proportion of target (cleaved) to total rRNA (cleaved1intact), the cleaved sample is analyzed for the abundance of each fragment size using capillary electrophoresis on a microchip (e.g. the Agilent 2100 bioanalyzer).
It was shown with activated sludge that the cleaving of target rRNA could occur for microbial populations that constituted as low as 1% of the total (Suenaga et al., 2005) . However, quantification accuracy was low for targets representing o 5% of the total. Cleavage efficiency generally increases with incubation time and temperature, and so does random RNA hydrolysis. Therefore, incubation conditions need to be empirically determined for each DNAzyme to balance cleavage efficiency and random lysis. A similar quantification method was developed by Uyeno et al. (2004) based on sequence-specific binding of an oligonucleotide probe (referred to as scissor probe) to target 16S rRNA gene followed by RNase H cleaving of the scissor probe-rRNA complex. Nonetheless, the DNAzyme method has comparative advantages of being simpler in procedures and having no protein enzyme involved.
rRNA-based fingerprinting
SSCP analysis is used to fingerprint the phylogenetic diversity of unknown microbial communities (Schwieger & Tebbe, 1998) . Through the electrophoresis of singlestranded PCR [or reverse transcriptase (RT)-PCR] products in a nondenaturing polyarcylamide gel, DNA molecules of different lengths and base compositions fold into different conformations that exhibit different electrophoretic mobilities, and hence appear as discrete bands. MacGregor & Amann (2006) further modified the SSCP technique for the separation of native rRNA (rRNA-SSCP) extracted from sediment and microbial mats. Instead of going through amplification, the extracted total RNA is subject to magnetic bead capture hybridization to purify rRNA molecules of interest (e.g. SSU rRNA). The recovered SSU rRNA is then separated on a partially denaturing polyacrylamide gel according to their sequence heterogeneity. Bands of interest are excised and rRNA therein is sequenced after RT-PCR.
SSCP and other gel-based fingerprinting methods (e.g. denaturing gradient gel electrophoresis) are prone to poor gel-to-gel reproducibility, multiple-banding of a singlenucleic molecule having more than one stable conformation and band comigration of different nucleic acid molecules sharing high sequence similarity. While gel reproducibility can be improved by the incorporation of fluorescently labeled internal standards (Petersen & Dahllöf, 2005) , resolving the problems of multiple banding and band comigration remains a challenge. Perhaps band comigration is an unsolvable technical issue, given that gel electrophoresis is only able to translate the virtually unlimited nucleotide sequence variability to a limited range of electrophoretic mobility permitted by the length and resolution of the gel.
Based on the results of an in silico study, Loisel et al. (2006) concluded that a gel could accommodate a maximum of around 35 clearly discernible bands. Additional bands will become signal subpeak background. Although a very large number of bands ( 4 50 000) can occur in a gel before the smearing of band patterns, discrete band patterns are deemed unsuitable as a direct estimator of diversity, except for communities of very low diversity. Instead, Curtis estimator (Curtis et al., 2002 ) is recommended as a robust alternative to extract diversity information from digitized band patterns. The estimator takes into account (1) the total number of genomes present in a DNA sample before PCR, assuming a 2 Mb genome per cell, and (2) the ratio of the area under discernible peaks to the total area under both the discernible peaks and the subpeak background. The profiling of signal intensity variation across the whole gel provides a comprehensive determination of microbial diversity and also rapid sample-to-sample comparisons.
Hierarchical oligonucleotide primer extension (HOPE)
HOPE has been developed to determine the relative abundance of multiple 16S rRNA gene targets in a pool of PCR amplicons (Wu & Liu, 2007) . It involves the annealing of multiple oligonucleotide primers to target amplicons followed by 3 0 -end extension of the primers with a single fluorescently labeled dye-terminator that is complementary to the corresponding nucleotide position on the target strand. The primers are designed for different levels of specificity from domain to species (i.e. hierarchical primers) and are modified with different lengths of poly-A tail at the 5 0 end. The separation and detection of the extended primers, thus the 16S gene targets, are performed using capillary electrophoresis in a DNA autosequencer. Because the extended primers are attached with different lengths of the poly-A tail and different dye terminators, multiplex detection of different targets can be achieved. Simultaneous detection of multiple Bacteroides spp. in sewage samples was successfully demonstrated using a 7-plexing reaction in a single tube. The multiplexing capability can be effectively increased using additional tubes of HOPE reaction each containing primers for a different set of target taxa together with primers of appropriate hierarchical levels for intertube calibrations.
HOPE reactions can be easily performed using commercially available single nucleotide polymorphism (SNP)-primer extension kits with denaturation-annealing-extension thermal cycles. Unincorporated dye-terminators are removed either by spin columns or by alkaline phosphatase before detection in a DNA autosequencer. The concentration of individual extended primers is calculated according to fluorescently labeled internal standards. The relative abundance of each target sequence to the total pool of PCR amplicons is calculated after adjustment for the extension efficiency of individual primers. HOPE can discriminate sequences down to single base-paired mismatch near the 3 0 end of the primers and attain detection sensitivity down to 0.1% of total PCR amplicons for environmental samples. A modification of HOPE for the direct detection of rRNA molecules is currently under development (J. H. Wu et al., unpublished data) .
Microbial functions
Before the advent of molecular techniques, observing microbial growth and metabolic and physiological characteristics in cultures had been the only possible way to study microbial functions. Notwithstanding the viable-but-notculturable status of most environmental microorganisms, cultivation grossly underestimates the functional capability of environmental microorganisms by not being able to fully reproduce the complex biotic and abiotic environment required for full exhibition of microbial functions.
The elucidation of functional genes and gene transcripts is the most effective way to understand the functional capability inherent to a given microbial community and the expression of the genes under different environmental settings, respectively. Comprehensive profiling of functional genes in microbial communities can be achieved using metagenomic and microarray techniques. Nonetheless, the quantitative representativeness of target amplification for microarray hybridizations is yet to be improved. Recently, whole-community amplification methods have been developed for the purpose of preserving the relative quantities of different genes or gene transcripts extracted from environmental samples (Wu et al., 2006; Gao et al., 2007) . Additionally, different hybridization methods have become available for the selective capture of genomic fragments containing genes of interest so as to expedite metagenomic DNA library analysis (Meyer et al., 2007; Shanks et al., 2007) .
Whole-community genome and mRNA amplification
A whole-community RNA amplification (WCRA) method has been developed to yield sufficient mRNA from small amounts of biomass while preserving the relative abundance of each mRNA species for quantitative hybridization to functional gene arrays (FGA) (Gao et al., 2007) . To amplify prokaryotic mRNA, a fusion primer containing six to nine random nucleotides attached to a T7 promoter is used for reverse transcription of mRNA to double-stranded cDNA. After polishing the cDNA with T4 DNA polymerase, in vitro transcription of the cDNA with T7 RNA polymerase is carried out for linear mRNA amplification. The amplified mRNA is then used to synthesize fluorescently labeled cDNA for subsequent hybridization to FGA. The minimum amount of mRNA required for WCRA is as low as 5 ng. However, good amplification representativeness can only be obtained with Z50 ng mRNA.
The effectiveness of WCRA to preserve the relative quantities of different mRNA species as in the original unamplified mRNA pool is demonstrated by the hybridization of equal amounts of amplified and unamplified mRNAs, each labeled with a different dye, to an FGA. The ratio of fluorescence intensity obtained from the two dyes for each gene (i.e. amplified to unamplified ratio) is used to calculate three different indexes to evaluate the quantitative representativeness of WCRA: (1) representational bias (D total ) calculated from the average deviation of log(amplified to unamplified ratio) from the reference point 0 (log 1 = 0); (2) the proportion of genes whose amplified to unamplified ratios are significantly different from 1 at a P value of 0.01 (SDG 0.01 ); and (3) the percentage of genes whose amplified to unamplified ratio is larger than an indicated fold change (i.e. 1.5-, 2-or 3-fold).
In addition to WCRA, a method has been developed for whole-community genome amplification of functional genes from a subnanogram quantity of ground water microbial community DNA (Wu et al., 2006) . The amplification is performed using phi 29 DNA polymerase as in multiple-displacement amplification (Gonzalez et al., 2005) . The evaluation of the representativeness of this method using the three quantitative indexes as for WCRA indicated very good representative detection of individual genes with Z10 ng of metagenomic DNA.
Competitive metagenomic DNA hybridization
In order to expedite the comparative analysis of metagenomic libraries, a genome fragment enrichment (GFE) method based on competitive solution hybridization has been developed to isolate DNA fragments that are present in one metagenomic DNA sample (target) but not in another (reference). GEF has been proved successful for the isolation of gene sequences highly specific to microbial communities in bovine feces and human feces (Shanks et al., 2006 (Shanks et al., , 2007 .
In GFE, metagenomic DNA samples obtained from target and reference bacterial communities are individually sonicated into random fragments of 150-900 bp in length. The target fragments are divided into two pools, one for biotin labeling and the other one for the attachment of defined primer sites at the fragment termini through randomly primed PCR. The reference fragments remain unmodified. The biotinylated target fragments and the reference fragments in excessive amount are denatured and prehybridized to block the target fragments with complementary fragments in the reference pool. Furthermore, the priming sitelabeled target fragments are denatured and added in excess to the mixture to hybridize, on a competitive basis, to biotinylated target fragments that are not blocked during prehybridization. After that, all hybrids bearing biotinylated target fragments are captured on streptavidin-labeled magnetic beads. Those that bear a priming site in addition represent fragments that are unique to the target metagenomic DNA. Multiple rounds of hybridization can be performed to ensure the enrichment of most of the desired target fragments; genes contained therein can be subsequently identified using plasmid cloning and DNA sequencing. The uniqueness of the cloned target fragments can be verified using dot-blot hybridization with cloned fragments of the reference sample.
Recovering full-length ORFs from metagenomes
Although GFE appears to be a useful technique to obtain gene fragments that are unique to a given community, the small DNA fragments generated do not allow the recovery of ORFs in full length. A subtractive hybridization method has been developed to detect and recover full-length ORFs of target genes from metagenomic DNA samples (Meyer et al., 2007) . The method involves the preparation of driver DNA and tester DNA from the same metagenomic DNA sample after fragmentation. Driver DNA is partial target gene fragments amplified from metagenomic DNA using genespecific degenerate primers. The amplification products are biotinylated and immobilized to streptavidin-conjugated magnetic beads to serve as hybridization probes to recover full-length ORFs from tester DNA prepared in the form of fractionated metagenomic DNA ligated with adapter priming sites. The adapters are produced by annealing two overlapping oligonucleotides containing a T7 priming site. Driver DNA is hybridized to the tester DNA after denaturation of the two. Hybridization is performed at 68 1C overnight with continuous agitation to keep the magnetic beads in suspension. Tester DNA captured on the magnetic beads is then used for amplification with T7 primer followed by cloning.
Subtractive hybridization is advantageous over PCRbased gene recovery methods such as genome walking (Guo & Xiong, 2006) by it simplicity and the feasibility to retrieve full-length ORFs for one or multiple target genes in one preparation. Nonetheless, the efficiency of subtractive hybridization is dependent on the effective ligation of adapters to fragmented metagenomic DNA and on the probability of retrieving truncated ORFs as a result of random fragmentation.
Linking function to diversity
In order to address the most fundamental questions for environmental microbiology ('who are there? what are they doing?'), it is essential to determine the metabolic capability of individual phylogenetic groups present in the environment. Unfortunately, most molecular methods only provide information of functional genes and phylogenetic markers in mutually exclusive datasets. The advent of microautoradiography and stable isotope probing (SIP) has allowed the determination of phylogenetic affiliation for microorganisms being able to uptake simple carbon substrates labeled with 14 C and 13 C, respectively (Dumont & Murrell, 2005) . SIP allows DNA and RNA of microbial cells that are actively incorporating heavy isotope-labeled substrates to be separated from the total pool of extracted nucleic acids. It has been used, for example, to isolate rRNA from 13 Cacetate metabolizing microbial populations (Schwarz et al., 2007) and to assist in the construction of metagenomic library for 13 C-methane utilizing microorganisms (Dumont et al., 2006) . However, the application of 13 C-SIP is limited by the small number of substrates suitable for labeling, the high cost of labeling, possible cross feeding of metabolized substrates and enrichment effects similar to cultivation. Alternatively, a method for SIP with H 2 18 O has become available for the isolation of DNA from actively dividing microbial cells (Schwartz, 2007) . It was proposed that the incorporation of 18 O to DNA is facilitated by enzymes such as pyrophosphatases, which catalyze the exchange of oxygen between water and orthophosphate. The exact mechanism remains unknown, however.
Microautoradiography, when used in conjunction with FISH of rRNA (microautoradiography-FISH), is able to reveal the phylogenetic affiliation and spatial arrangement of microbial cells actively incorporating radiolabeled substrates (Lee et al., 1999) . The area of silver grains deposited around cells may provide a quantitative estimation of substrate uptake rates (Sintes & Herndl, 2006) . Nonetheless, microautoradiography-FISH suffers from the same limitations as for SIP. Theoretically, FISH for functional genes and mRNAs can circumvent such limitations. However, the detection sensitivity is hampered by the generally low copy numbers of functional genes and mRNAs present in microbial cells.
To attain sensitive in situ detection of functional genes and mRNAs, various FISH techniques based on tyramide signal amplification (Pernthaler & Amann, 2004; Kubota et al., 2006) and cycle-primed in situ amplification have been developed (Kenzaka et al., 2005) . Additionally, a digital PCR technique based on a commercially available microfluidic platform is available for coamplification, and hence detection, of phylogenetic markers and functional genes in individual cells separated from environmental samples (Ottesen et al., 2006) .
Fluorescence in situ detection of functional genes and mRNAs
In situ fluorescence detection of rRNA and mRNA molecules enables the visualization and phylogenetic identification of microbial cells that transcribe specific genes. An advantage of fluorescent detection of nucleic acids over SIP and microautoradiography is that microbial cells for examinations can be stored in fixative because active substrate uptake is not required. However, the low copy numbers of mRNAs present in microbial cells require the amplification of fluorescent signals for successful optical detection. Pernthaler & Amann (2004) developed a protocol for simultaneous detection of rRNA and pmoA mRNA. Long ribonucleotide probes (i.e. transcript probes) for pmoA mRNA are synthesized using PCR amplicons of the gene as templates. The detection of mRNA is achieved using horseradish peroxidase (HRP) catalyzed deposition of fluorescently labeled tyramide onto transcript probes labeled with cis-plantinum-linked digoxigenin. Pernthaler & Amann (2004) recommended the use of transcript probes for their superior hybridization specificity and signal-to-noise ratio. On the contrary, Kubota et al. (2006) advocated the use of oligonucleotide probes for their high sensitivity to discriminate mismatches and for the possibility to design probes to target different mRNA regions for different ranges of taxa. In order to improve the poor signal intensity produced by oligonucleotide probes, Kubota et al. (2006) adopted a twopass tryamide signal amplification method (two-pass TSA FISH) to detect methyl coenzyme M reductase in Methanococcus vannielii. In this method, oligonucleotide probes are labeled with HRP, which catalyzes the deposition of dinitrophenyl-labeled tyramide. HRP-conjugated anti-dinitrophenyl is then applied to catalyze the deposition of fluorescence-labeled tyramide.
Moreover, Kenzaka et al. (2005) introduced cycling primed in situ amplification (CPRINS)-FISH to produce in situ amplification products of several kilo-base long carrying a high density of fluorescent labels. In this technique, cells for hybridization are permeabilized for the entry of primer, fluorescently labeled probes and Taq polymerase. After 20-35 cycles of amplification, multiple probes of 40-50 bases in length fluorescently labeled at guanine bases are hybridized to the amplicons. CPRINS-FISH has been used successfully for ampicillin resistance gene, chloramphenicol acetyltransferase gene and RNA polymerase sigma factor rpoD gene in pure cultures. Additionally, because of its superior phylogenetic resolution, the rpoD gene has also been used as a target in CPRINS-FISH to quantify Aeromonas sobria and Aeromonas hydrophila in river waters.
Microfluidic digital PCR
Microfluidic or so-called Lab-on-a-chip (LOC) devices are promising platforms for rapid, sensitive, accurate, automated sample processing and biochemical reactions followed by the detection of specific microorganisms, fingerprinting of microbial communities or sequencing of microbial genomes. LOC devices require sample and reagent amounts that are 1/100th to 1/1000th of conventional methods and the total processing time is only a fraction of what would be needed conventionally. Several recent reviews have provided extensive coverage on the technological development of LOC for DNA detection, amplification, sequencing and fingerprinting, and as a viable option for onsite detection (Liu & Zhu, 2005; Khanna, 2007) .
A digital PCR method based on a commercially available microfluidic platform has been developed for simultaneous detection of rRNA genes and functional genes in single cells (Ottesen et al., 2006) . Through the precise control of small volumes of liquid using micromechanical valves, individual cells in complex communities are dispersed into 1176 independent nanoliter volume compartments where multiplex PCR is preformed to coamplify phylogenetic markers and functional genes of interest in individual cells. PCR is conducted on a conventional flat block thermocycler and the amplification is monitored using a microarray scanner to detect fluorescence signals emitted from 5 0 nuclease probes. The sensitivity is high enough for the detection of single gene copy in a bacterial cell. PCR products are retrieved with syringe needles for DNA cloning and sequencing, allowing unambiguous determination of the phylogenetic affiliation for each of the cells bearing target functional genes. Quantitative data can be obtained because amplification signals are detected for individual cells rather than for community DNA. Furthermore, clone libraries constructed from single-cell PCR products are free of PCR artifacts.
This digital PCR method has been successfully used for the identification and quantification of bacterial populations bearing the gene for formyl-tetrahydrofolate synthetase (FTHFS), which constituted 1% population of the total bacterial community residing in the hindguts of woodfeeding termites. However, cell aggregates were detected in a small number of PCR compartments and two-third of the cells that were positive for FTHFS amplification did not give any signal for 16S rRNA gene amplification. Further refinement of the method is thus needed.
Concluding remarks
Over the last two decades, the field of environmental microbiology has witnessed a quantum leap in knowledge and methodology development. Improving the sensitivity, throughput, specificity, accuracy and quantitativeness for the detection and analysis of molecular markers at the single-cell level have been and will be the major focus for method development. While the improvement of throughput and sensitivity can benefit from the rapidly advancing microelectronics and microfabrication technologies, improving accuracy, quantitativeness and specificity is a complex issue that involves more than inventing new detection methods or overcoming the operational limits of the existing platforms. The major constraint rests on the specificity and universality of probes and primers as well as the artifacts and random kinetics associated with many enzymatic reactions.
It has become clear that most of the available probes/ primers are not universal or specific enough to allow for unambiguous conclusions about microbial diversity and the absence/presence of a specific population (Forney et al., 2004) . While the nested (or hierarchical) probing approach may ensure detection specificity to a certain extent, the development and validation of truly universal probes/primers is largely crippled by the limited coverage of sequencing information available in public domains. Improving the universality/specificity of primers/probes is a passive process that depends largely on the speed of new sequence information discovery. Fortunately, the rapidly increasing number of genomic and metagenomic projects is providing an unprecedented thrust to new sequence discovery. In addition to the development of primers/probes, an even more important task that comes after the discovery of novel gene sequences is to elucidate the gene functions and to relate the functions to the ecological roles of the organisms bearing the genes.
Besides the development of molecular techniques, efforts should also be invested to develop new techniques for the cultivation of microorganisms. Although the discovery of novel sequences indicates the presence of hitherto unknown microorganisms, successful cultivation of the organisms remains the most effective means to formally catalogue, preserve and capitalize the genotypic and phenotypic characteristics of novel organisms (Floyd et al., 2005) .
